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•  Single operator dominance: The assumption that only one 
effective operator dictates the result. 

•  Model independence: Any NP scenario involving LFV can be 
matched to Leff. 
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ḠR
`1PL`2 + C`1`2

ḠL
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+m2mqGF

⇣
Cq`1`2

TR `1�
µ⌫PL`2 + Cq`1`2

TL `1�
µ⌫PR`2

⌘
q�µ⌫q + h.c.

i

LG = �m2GF

⇤2

�L

4↵s

⇥�
C`1`2

GR `1PL`2 + C`1`2
GL `1PR`2

�
Ga

µ⌫G
aµ⌫

+
�
C`1`2

ḠR
`1PL`2 + C`1`2

ḠL
`1PR`2

�
Ga

µ⌫
eGaµ⌫ + h.c.

i

1

Le↵ = LD + L`q + LG + ...

LD = �m2

⇤2

⇥�
C`1`2

DR `1�
µ⌫PL`2 + C`1`2

DL `1�
µ⌫PR`2

�
Fµ⌫ + h.c.

⇤

L`q = � 1

⇤2

X

q

h ⇣
Cq`1`2

V R `1�
µPR`2 + Cq`1`2

V L `1�
µPL`2

⌘
q�µq

+
⇣
Cq`1`2

AR `1�
µPR`2 + Cq`1`2

AL `1�
µPL`2

⌘
q�µ�5q

+m2mqGF

⇣
Cq`1`2

SR `1PL`2 + Cq`1`2
SL `1PR`2

⌘
qq

+m2mqGF

⇣
Cq`1`2

PR `1PL`2 + Cq`1`2
PL `1PR`2

⌘
q�5q

+m2mqGF

⇣
Cq`1`2

TR `1�
µ⌫PL`2 + Cq`1`2

TL `1�
µ⌫PR`2

⌘
q�µ⌫q + h.c.

i

LG = �m2GF

⇤2

�L

4↵s

⇥�
C`1`2

GR `1PL`2 + C`1`2
GL `1PR`2

�
Ga

µ⌫G
aµ⌫

+
�
C`1`2

ḠR
`1PL`2 + C`1`2

ḠL
`1PR`2

�
Ga

µ⌫
eGaµ⌫ + h.c.

i

1

ℓ1(p1)

ℓ2(p2)

γ(k)

Dipole Lagrangian 

m2 = mass of heavier lepton 
Λ = scale of new physics 
PR(L) = (1±γ5)/2 

Dipole Wilson coefficients 
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Dipole operators are 
selected by the quantum 
numbers of the 2-body 
vector quarkonium 
decays. 

Effective Lagrangian 

Derek E. Hazard 5 

Le↵ = LD + L`q + LG + ...

LD = �m2

⇤2

⇥�
C`1`2

DR `1�
µ⌫PL`2 + C`1`2

DL `1�
µ⌫PR`2

�
Fµ⌫ + h.c.

⇤

L`q = � 1

⇤2

X

q

h ⇣
Cq`1`2

V R `1�
µPR`2 + Cq`1`2

V L `1�
µPL`2

⌘
q�µq

+
⇣
Cq`1`2

AR `1�
µPR`2 + Cq`1`2

AL `1�
µPL`2

⌘
q�µ�5q

+m2mqGF

⇣
Cq`1`2

SR `1PL`2 + Cq`1`2
SL `1PR`2

⌘
qq

+m2mqGF

⇣
Cq`1`2

PR `1PL`2 + Cq`1`2
PL `1PR`2

⌘
q�5q

+m2mqGF

⇣
Cq`1`2

TR `1�
µ⌫PL`2 + Cq`1`2

TL `1�
µ⌫PR`2

⌘
q�µ⌫q + h.c.

i

LG = �m2GF

⇤2

�L

4↵s

⇥�
C`1`2

GR `1PL`2 + C`1`2
GL `1PR`2

�
Ga

µ⌫G
aµ⌫

+
�
C`1`2

ḠR
`1PL`2 + C`1`2

ḠL
`1PR`2

�
Ga

µ⌫
eGaµ⌫ + h.c.

i

1

Le↵ = LD + L`q + LG + ...

LD = �m2

⇤2

⇥�
C`1`2

DR `1�
µ⌫PL`2 + C`1`2

DL `1�
µ⌫PR`2

�
Fµ⌫ + h.c.

⇤

L`q = � 1

⇤2

X

q

h ⇣
Cq`1`2

V R `1�
µPR`2 + Cq`1`2

V L `1�
µPL`2

⌘
q�µq

+
⇣
Cq`1`2

AR `1�
µPR`2 + Cq`1`2

AL `1�
µPL`2

⌘
q�µ�5q

+m2mqGF

⇣
Cq`1`2

SR `1PL`2 + Cq`1`2
SL `1PR`2

⌘
qq

+m2mqGF

⇣
Cq`1`2

PR `1PL`2 + Cq`1`2
PL `1PR`2

⌘
q�5q

+m2mqGF

⇣
Cq`1`2

TR `1�
µ⌫PL`2 + Cq`1`2

TL `1�
µ⌫PR`2

⌘
q�µ⌫q + h.c.

i

LG = �m2GF

⇤2

�L

4↵s

⇥�
C`1`2

GR `1PL`2 + C`1`2
GL `1PR`2

�
Ga

µ⌫G
aµ⌫

+
�
C`1`2

ḠR
`1PL`2 + C`1`2

ḠL
`1PR`2

�
Ga

µ⌫
eGaµ⌫ + h.c.

i

1

ℓ1(p1)

ℓ2(p2)

γ(k)

Dipole Lagrangian 
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Le↵ = LD + L`q + LG + ...

LD = �m2

⇤2

⇥�
C`1`2

DR `1�
µ⌫PL`2 + C`1`2

DL `1�
µ⌫PR`2

�
Fµ⌫ + h.c.

⇤

L`q = � 1

⇤2

X

q

h ⇣
Cq`1`2

V R `1�
µPR`2 + Cq`1`2

V L `1�
µPL`2

⌘
q�µq

+
⇣
Cq`1`2

AR `1�
µPR`2 + Cq`1`2

AL `1�
µPL`2

⌘
q�µ�5q

+m2mqGF

⇣
Cq`1`2

SR `1PL`2 + Cq`1`2
SL `1PR`2

⌘
qq

+m2mqGF

⇣
Cq`1`2

PR `1PL`2 + Cq`1`2
PL `1PR`2

⌘
q�5q

+m2mqGF

⇣
Cq`1`2

TR `1�
µ⌫PL`2 + Cq`1`2

TL `1�
µ⌫PR`2

⌘
q�µ⌫q + h.c.

i

LG = �m2GF

⇤2

�L

4↵s

⇥�
C`1`2

GR `1PL`2 + C`1`2
GL `1PR`2

�
Ga

µ⌫G
aµ⌫

+
�
C`1`2

ḠR
`1PL`2 + C`1`2

ḠL
`1PR`2

�
Ga

µ⌫
eGaµ⌫ + h.c.

i

1

Effective Lagrangian 

Derek E. Hazard 6 

Four fermion Lagrangian 

ℓ1

ℓ2

q

q
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Le↵ = LD + L`q + LG + ...

LD = �m2

⇤2

⇥�
C`1`2

DR `1�
µ⌫PL`2 + C`1`2

DL `1�
µ⌫PR`2

�
Fµ⌫ + h.c.

⇤

L`q = � 1

⇤2

X

q

h ⇣
Cq`1`2

V R `1�
µPR`2 + Cq`1`2

V L `1�
µPL`2

⌘
q�µq

+
⇣
Cq`1`2

AR `1�
µPR`2 + Cq`1`2

AL `1�
µPL`2

⌘
q�µ�5q

+m2mqGF

⇣
Cq`1`2

SR `1PL`2 + Cq`1`2
SL `1PR`2

⌘
qq

+m2mqGF

⇣
Cq`1`2

PR `1PL`2 + Cq`1`2
PL `1PR`2

⌘
q�5q

+m2mqGF

⇣
Cq`1`2

TR `1�
µ⌫PL`2 + Cq`1`2

TL `1�
µ⌫PR`2

⌘
q�µ⌫q + h.c.

i

LG = �m2GF

⇤2

�L

4↵s

⇥�
C`1`2

GR `1PL`2 + C`1`2
GL `1PR`2

�
Ga

µ⌫G
aµ⌫

+
�
C`1`2

ḠR
`1PL`2 + C`1`2

ḠL
`1PR`2

�
Ga

µ⌫
eGaµ⌫ + h.c.

i

1

Effective Lagrangian 

Derek E. Hazard 6 

Four fermion Lagrangian 

ℓ1

ℓ2

q

q

Vector Wilson 
coefficients 
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Le↵ = LD + L`q + LG + ...

LD = �m2

⇤2

⇥�
C`1`2

DR `1�
µ⌫PL`2 + C`1`2

DL `1�
µ⌫PR`2

�
Fµ⌫ + h.c.

⇤

L`q = � 1

⇤2

X

q

h ⇣
Cq`1`2

V R `1�
µPR`2 + Cq`1`2

V L `1�
µPL`2

⌘
q�µq

+
⇣
Cq`1`2

AR `1�
µPR`2 + Cq`1`2

AL `1�
µPL`2

⌘
q�µ�5q

+m2mqGF

⇣
Cq`1`2

SR `1PL`2 + Cq`1`2
SL `1PR`2

⌘
qq

+m2mqGF

⇣
Cq`1`2

PR `1PL`2 + Cq`1`2
PL `1PR`2

⌘
q�5q

+m2mqGF

⇣
Cq`1`2

TR `1�
µ⌫PL`2 + Cq`1`2

TL `1�
µ⌫PR`2

⌘
q�µ⌫q + h.c.

i

LG = �m2GF

⇤2

�L

4↵s

⇥�
C`1`2

GR `1PL`2 + C`1`2
GL `1PR`2

�
Ga

µ⌫G
aµ⌫

+
�
C`1`2

ḠR
`1PL`2 + C`1`2

ḠL
`1PR`2

�
Ga

µ⌫
eGaµ⌫ + h.c.

i

1

Effective Lagrangian 

Derek E. Hazard 6 

Four fermion Lagrangian 

ℓ1

ℓ2

q

q

Axial Wilson 
coefficients 
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Le↵ = LD + L`q + LG + ...

LD = �m2

⇤2

⇥�
C`1`2

DR `1�
µ⌫PL`2 + C`1`2

DL `1�
µ⌫PR`2

�
Fµ⌫ + h.c.

⇤

L`q = � 1

⇤2

X

q

h ⇣
Cq`1`2

V R `1�
µPR`2 + Cq`1`2

V L `1�
µPL`2

⌘
q�µq

+
⇣
Cq`1`2

AR `1�
µPR`2 + Cq`1`2

AL `1�
µPL`2

⌘
q�µ�5q

+m2mqGF

⇣
Cq`1`2

SR `1PL`2 + Cq`1`2
SL `1PR`2

⌘
qq

+m2mqGF

⇣
Cq`1`2

PR `1PL`2 + Cq`1`2
PL `1PR`2

⌘
q�5q

+m2mqGF

⇣
Cq`1`2

TR `1�
µ⌫PL`2 + Cq`1`2

TL `1�
µ⌫PR`2

⌘
q�µ⌫q + h.c.

i

LG = �m2GF

⇤2

�L

4↵s

⇥�
C`1`2

GR `1PL`2 + C`1`2
GL `1PR`2

�
Ga

µ⌫G
aµ⌫

+
�
C`1`2

ḠR
`1PL`2 + C`1`2

ḠL
`1PR`2

�
Ga

µ⌫
eGaµ⌫ + h.c.

i

1

Effective Lagrangian 

Derek E. Hazard 6 

Four fermion Lagrangian 

ℓ1

ℓ2

q

q

Scalar Wilson 
coefficients 
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Le↵ = LD + L`q + LG + ...

LD = �m2

⇤2

⇥�
C`1`2

DR `1�
µ⌫PL`2 + C`1`2

DL `1�
µ⌫PR`2

�
Fµ⌫ + h.c.

⇤

L`q = � 1

⇤2

X

q

h ⇣
Cq`1`2

V R `1�
µPR`2 + Cq`1`2

V L `1�
µPL`2

⌘
q�µq

+
⇣
Cq`1`2

AR `1�
µPR`2 + Cq`1`2

AL `1�
µPL`2

⌘
q�µ�5q

+m2mqGF

⇣
Cq`1`2

SR `1PL`2 + Cq`1`2
SL `1PR`2

⌘
qq

+m2mqGF

⇣
Cq`1`2

PR `1PL`2 + Cq`1`2
PL `1PR`2

⌘
q�5q

+m2mqGF

⇣
Cq`1`2

TR `1�
µ⌫PL`2 + Cq`1`2

TL `1�
µ⌫PR`2

⌘
q�µ⌫q + h.c.

i

LG = �m2GF

⇤2

�L

4↵s

⇥�
C`1`2

GR `1PL`2 + C`1`2
GL `1PR`2

�
Ga

µ⌫G
aµ⌫

+
�
C`1`2

ḠR
`1PL`2 + C`1`2

ḠL
`1PR`2

�
Ga

µ⌫
eGaµ⌫ + h.c.

i

1

Pseudoscalar 
Wilson 
coefficients 

Effective Lagrangian 

Derek E. Hazard 6 

Four fermion Lagrangian 

ℓ1

ℓ2

q

q
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Le↵ = LD + L`q + LG + ...

LD = �m2

⇤2

⇥�
C`1`2

DR `1�
µ⌫PL`2 + C`1`2

DL `1�
µ⌫PR`2

�
Fµ⌫ + h.c.

⇤

L`q = � 1

⇤2

X

q

h ⇣
Cq`1`2

V R `1�
µPR`2 + Cq`1`2

V L `1�
µPL`2

⌘
q�µq

+
⇣
Cq`1`2

AR `1�
µPR`2 + Cq`1`2

AL `1�
µPL`2

⌘
q�µ�5q

+m2mqGF

⇣
Cq`1`2

SR `1PL`2 + Cq`1`2
SL `1PR`2

⌘
qq

+m2mqGF

⇣
Cq`1`2

PR `1PL`2 + Cq`1`2
PL `1PR`2

⌘
q�5q

+m2mqGF

⇣
Cq`1`2

TR `1�
µ⌫PL`2 + Cq`1`2

TL `1�
µ⌫PR`2

⌘
q�µ⌫q + h.c.

i

LG = �m2GF

⇤2

�L

4↵s

⇥�
C`1`2

GR `1PL`2 + C`1`2
GL `1PR`2

�
Ga

µ⌫G
aµ⌫

+
�
C`1`2

ḠR
`1PL`2 + C`1`2

ḠL
`1PR`2

�
Ga

µ⌫
eGaµ⌫ + h.c.

i

1

Effective Lagrangian 

Derek E. Hazard 6 

Four fermion Lagrangian 

ℓ1

ℓ2

q

q

Tensor Wilson 
coefficients 
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Le↵ = LD + L`q + LG + ...

LD = �m2

⇤2

⇥�
C`1`2

DR `1�
µ⌫PL`2 + C`1`2

DL `1�
µ⌫PR`2

�
Fµ⌫ + h.c.

⇤

L`q = � 1

⇤2

X

q

h ⇣
Cq`1`2

V R `1�
µPR`2 + Cq`1`2

V L `1�
µPL`2

⌘
q�µq

+
⇣
Cq`1`2

AR `1�
µPR`2 + Cq`1`2

AL `1�
µPL`2

⌘
q�µ�5q

+m2mqGF

⇣
Cq`1`2

SR `1PL`2 + Cq`1`2
SL `1PR`2

⌘
qq

+m2mqGF

⇣
Cq`1`2

PR `1PL`2 + Cq`1`2
PL `1PR`2

⌘
q�5q

+m2mqGF

⇣
Cq`1`2

TR `1�
µ⌫PL`2 + Cq`1`2

TL `1�
µ⌫PR`2

⌘
q�µ⌫q + h.c.

i

LG = �m2GF

⇤2

�L

4↵s

⇥�
C`1`2

GR `1PL`2 + C`1`2
GL `1PR`2

�
Ga

µ⌫G
aµ⌫

+
�
C`1`2

ḠR
`1PL`2 + C`1`2

ḠL
`1PR`2

�
Ga

µ⌫
eGaµ⌫ + h.c.

i

1

Effective Lagrangian 

Derek E. Hazard 6 

Four fermion Lagrangian 

ℓ1

ℓ2

q

q

mq = MS bar quark mass 
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Le↵ = LD + L`q + LG + ...

LD = �m2

⇤2

⇥�
C`1`2

DR `1�
µ⌫PL`2 + C`1`2

DL `1�
µ⌫PR`2

�
Fµ⌫ + h.c.

⇤

L`q = � 1

⇤2

X

q

h ⇣
Cq`1`2

V R `1�
µPR`2 + Cq`1`2

V L `1�
µPL`2

⌘
q�µq

+
⇣
Cq`1`2

AR `1�
µPR`2 + Cq`1`2

AL `1�
µPL`2

⌘
q�µ�5q

+m2mqGF

⇣
Cq`1`2

SR `1PL`2 + Cq`1`2
SL `1PR`2

⌘
qq

+m2mqGF

⇣
Cq`1`2

PR `1PL`2 + Cq`1`2
PL `1PR`2

⌘
q�5q

+m2mqGF

⇣
Cq`1`2

TR `1�
µ⌫PL`2 + Cq`1`2

TL `1�
µ⌫PR`2

⌘
q�µ⌫q + h.c.

i

LG = �m2GF

⇤2

�L

4↵s

⇥�
C`1`2

GR `1PL`2 + C`1`2
GL `1PR`2

�
Ga

µ⌫G
aµ⌫

+
�
C`1`2

ḠR
`1PL`2 + C`1`2

ḠL
`1PR`2

�
Ga

µ⌫
eGaµ⌫ + h.c.

i

1

Effective Lagrangian 

Derek E. Hazard 6 

Four fermion Lagrangian 

ℓ1

ℓ2

q

q

mq = MS bar quark mass 

GF = Fermi constant 
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Vector and tensor operators are 
selected by the quantum numbers of 
the 2-body vector quarkonium 
decays. 

Le↵ = LD + L`q + LG + ...

LD = �m2

⇤2

⇥�
C`1`2

DR `1�
µ⌫PL`2 + C`1`2

DL `1�
µ⌫PR`2

�
Fµ⌫ + h.c.

⇤

L`q = � 1

⇤2

X

q

h ⇣
Cq`1`2

V R `1�
µPR`2 + Cq`1`2

V L `1�
µPL`2

⌘
q�µq

+
⇣
Cq`1`2

AR `1�
µPR`2 + Cq`1`2

AL `1�
µPL`2

⌘
q�µ�5q

+m2mqGF

⇣
Cq`1`2

SR `1PL`2 + Cq`1`2
SL `1PR`2

⌘
qq

+m2mqGF

⇣
Cq`1`2

PR `1PL`2 + Cq`1`2
PL `1PR`2

⌘
q�5q

+m2mqGF

⇣
Cq`1`2

TR `1�
µ⌫PL`2 + Cq`1`2

TL `1�
µ⌫PR`2

⌘
q�µ⌫q + h.c.

i

LG = �m2GF

⇤2

�L

4↵s

⇥�
C`1`2

GR `1PL`2 + C`1`2
GL `1PR`2

�
Ga

µ⌫G
aµ⌫

+
�
C`1`2

ḠR
`1PL`2 + C`1`2

ḠL
`1PR`2

�
Ga

µ⌫
eGaµ⌫ + h.c.

i

1

Effective Lagrangian 

Derek E. Hazard 6 

Four fermion Lagrangian 

ℓ1

ℓ2

q

q
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Axial and pseudoscalar operators are 
selected by the quantum numbers of 
the 2-body pseudoscalar meson 
decays. 

Le↵ = LD + L`q + LG + ...

LD = �m2

⇤2

⇥�
C`1`2

DR `1�
µ⌫PL`2 + C`1`2

DL `1�
µ⌫PR`2

�
Fµ⌫ + h.c.

⇤

L`q = � 1

⇤2

X

q

h ⇣
Cq`1`2

V R `1�
µPR`2 + Cq`1`2

V L `1�
µPL`2

⌘
q�µq

+
⇣
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ḠR
`1PL`2 + C`1`2

ḠL
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Scalar operators are selected by the 
quantum numbers of the 2-body 
scalar quarkonium decays. 
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Effective Lagrangian 
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αs = QCD coupling constant  

Effective Lagrangian 

Derek E. Hazard 7 

Le↵ = LD + L`q + LG + ...

LD = �m2

⇤2

⇥�
C`1`2

DR `1�
µ⌫PL`2 + C`1`2

DL `1�
µ⌫PR`2

�
Fµ⌫ + h.c.

⇤

L`q = � 1

⇤2

X

q

h ⇣
Cq`1`2

V R `1�
µPR`2 + Cq`1`2

V L `1�
µPL`2

⌘
q�µq

+
⇣
Cq`1`2

AR `1�
µPR`2 + Cq`1`2

AL `1�
µPL`2

⌘
q�µ�5q

+m2mqGF

⇣
Cq`1`2

SR `1PL`2 + Cq`1`2
SL `1PR`2

⌘
qq

+m2mqGF

⇣
Cq`1`2

PR `1PL`2 + Cq`1`2
PL `1PR`2

⌘
q�5q

+m2mqGF

⇣
Cq`1`2

TR `1�
µ⌫PL`2 + Cq`1`2

TL `1�
µ⌫PR`2

⌘
q�µ⌫q + h.c.

i

LG = �m2GF

⇤2

�L

4↵s

⇥�
C`1`2

GR `1PL`2 + C`1`2
GL `1PR`2

�
Ga

µ⌫G
aµ⌫

+
�
C`1`2

ḠR
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Gluonic operators selected by 
the 2-body scalar quarkonium 
decays. 

Effective Lagrangian 

Derek E. Hazard 7 
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Gluonic operators selected by 
the 2-body pseudoscalar 
quarkonium decays. 

Effective Lagrangian 
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2-body vector quarkonium decays 

Derek E. Hazard 8 

TABLE I: Available experimental upper bounds on B(V ! `1`2) and B(`2 ! `1�). Dashes

signify that no experimental constraints are available and “n/a” means that the transition

is forbidden by available phase space. Charge averages of the final states are always

assumed.

`1`2 µ⌧ e⌧ eµ

B(⌥(1S) ! `1`2) 6.0⇥ 10

�6 � �

B(⌥(2S) ! `1`2) 3.3⇥ 10

�6
3.2⇥ 10

�6 �

B(⌥(3S) ! `1`2) 3.1⇥ 10

�6
4.2⇥ 10

�6 �

B(J/ ! `1`2) 2.0⇥ 10

�6
8.3⇥ 10

�6
1.6⇥ 10

�7

B(�! `1`2) n/a n/a 4.1⇥ 10

�6

B(`2 ! `1�) 4.4⇥ 10

�8
3.3⇥ 10

�8
5.7⇥ 10

�13

TABLE II: Vector meson decay constants used in the calculation of branching ratios

B(V ! `1`2). The transverse decay constants are set fT
V = fV except for J/ , which has

fT
J/ = 410± 10.

State ⌥(1S) ⌥(2S) ⌥(3S) J/  (2S) � ⇢ (!)

fV , MeV 649± 31 481± 39 539± 84 418± 9 294± 5 241± 18 209.4± 1.5

h0|q�µq|V (p)i = fVmV ✏
µ
(p) ,

h0|q�µ⌫q|V (p)i = ifT
V (✏µp⌫ � pµ✏⌫)

1

Decay constant 
 

Tensor decay constant 
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V = any quarkonium with quantum numbers 1-- i.e. ϒ, J/ψ, Φ, ρ, ω 
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is forbidden by available phase space. Charge averages of the final states are always
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V = fV except for J/ , which has
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V = any quarkonium with quantum numbers 1-- i.e. ϒ, J/ψ, Φ, ρ, ω 
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mv = vector meson mass Qq = quark charge (2/3,-1/3)  
y = m2/mV  
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mv = vector meson mass Qq = quark charge (2/3,-1/3)  
y = m2/mV  α = fine structure constant  

κV = ½ (constant for pure q q bar states) 
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Dipole operator dependence 
Vector operator dependence 
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Dipole operator dependence 
Vector operator dependence 
Tensor operator dependence 

Two-body vector quarkonium decays 
A(V ! `1`2) = u(p1, s1)


A`1`2

V �µ +B`1`2
V �µ�5 +

C`1`2
V

mV
(p2 � p1)µ

iD`1`2
V

mV
(p2 � p1)µ�5

�
v(p2, s2) ✏

µ(p)

B(V ! `1`2)

B(V ! e+e�)
=

✓
mV (1� y2)

4⇡↵fVQq

◆2 h ⇣��A`1`2
V

��2 +
��B`1`2

V

��2
⌘
+

1

2

�
1� 2y2

� ⇣��C`1`2
V

��2 +
��D`1`2

V

��2
⌘

+y Re
�
A`1`2

V C`1`2⇤
V + iB`1`2

V D`1`2⇤
V

� i

A`1`2
V =

fVmV

⇤2

 p
4⇡↵Qqy

2
�
C`1`2

DL + C`1`2
DR

�
+ V

⇣
Cq`1`2

V L + Cq`1`2
V R

⌘
+ 2y2V

fT
V

fV
GFmVmq

⇣
Cq`1`2

TL + Cq`1`2
TR

⌘�

B`1`2
V =

fVmV

⇤2


�
p
4⇡↵Qqy

2
�
C`1`2

DL � C`1`2
DR

�
� V

⇣
Cq`1`2

V L � Cq`1`2
V R

⌘
� 2y2V

fT
V

fV
GFmVmq

⇣
Cq`1`2

TL � Cq`1`2
TR

⌘�

C`1`2
V =

fVmV

⇤2
y

p
4⇡↵Qq

�
C`1`2

DL + C`1`2
DR

�
+ 2V

fT
V

fV
GFmVmq

⇣
Cq`1`2

TL + Cq`1`2
TR

⌘�

D`1`2
V = i

fVmV

⇤2
y


�
p
4⇡↵Qq

�
C`1`2

DL � C`1`2
DR

�
� 2V

fT
V

fV
GFmVmq

⇣
Cq`1`2

TL � Cq`1`2
TR

⌘�

1

Derek E. Hazard 9 

Branching ratio 
A(V ! `1`2) = u(p1, s1)


A`1`2

V �µ +B`1`2
V �µ�5 +

C`1`2
V

mV
(p2 � p1)µ

iD`1`2
V

mV
(p2 � p1)µ�5

�
v(p2, s2) ✏

µ(p)

B(V ! `1`2)

B(V ! e+e�)
=

✓
mV (1� y2)

4⇡↵fVQq

◆2 h ⇣��A`1`2
V

��2 +
��B`1`2

V

��2
⌘
+

1

2

�
1� 2y2

� ⇣��C`1`2
V

��2 +
��D`1`2

V

��2
⌘

+y Re
�
A`1`2

V C`1`2⇤
V + iB`1`2

V D`1`2⇤
V

� i

A`1`2
V =

fVmV

⇤2

 p
4⇡↵Qqy

2
�
C`1`2

DL + C`1`2
DR

�
+ V

⇣
Cq`1`2

V L + Cq`1`2
V R

⌘
+ 2y2V

fT
V

fV
GFmVmq

⇣
Cq`1`2

TL + Cq`1`2
TR

⌘�

B`1`2
V =

fVmV

⇤2


�
p
4⇡↵Qqy

2
�
C`1`2

DL � C`1`2
DR

�
� V

⇣
Cq`1`2

V L � Cq`1`2
V R

⌘
� 2y2V

fT
V

fV
GFmVmq

⇣
Cq`1`2

TL � Cq`1`2
TR

⌘�

C`1`2
V =

fVmV

⇤2
y

p
4⇡↵Qq

�
C`1`2

DL + C`1`2
DR

�
+ 2V

fT
V

fV
GFmVmq

⇣
Cq`1`2

TL + Cq`1`2
TR

⌘�

D`1`2
V = i

fVmV

⇤2
y


�
p
4⇡↵Qq

�
C`1`2

DL � C`1`2
DR

�
� 2V

fT
V

fV
GFmVmq

⇣
Cq`1`2

TL � Cq`1`2
TR

⌘�

1

Dimensionless Constants 



Two-body vector quarkonium decays 
A(V ! `1`2) = u(p1, s1)


A`1`2

V �µ +B`1`2
V �µ�5 +

C`1`2
V

mV
(p2 � p1)µ

iD`1`2
V

mV
(p2 � p1)µ�5

�
v(p2, s2) ✏

µ(p)

B(V ! `1`2)

B(V ! e+e�)
=

✓
mV (1� y2)

4⇡↵fVQq

◆2 h ⇣��A`1`2
V

��2 +
��B`1`2

V

��2
⌘
+

1

2

�
1� 2y2

� ⇣��C`1`2
V

��2 +
��D`1`2

V

��2
⌘

+y Re
�
A`1`2

V C`1`2⇤
V + iB`1`2

V D`1`2⇤
V

� i

A`1`2
V =

fVmV

⇤2

 p
4⇡↵Qqy

2
�
C`1`2

DL + C`1`2
DR

�
+ V

⇣
Cq`1`2

V L + Cq`1`2
V R

⌘
+ 2y2V

fT
V

fV
GFmVmq

⇣
Cq`1`2

TL + Cq`1`2
TR

⌘�

B`1`2
V =

fVmV

⇤2


�
p
4⇡↵Qqy

2
�
C`1`2

DL � C`1`2
DR

�
� V

⇣
Cq`1`2

V L � Cq`1`2
V R

⌘
� 2y2V

fT
V

fV
GFmVmq

⇣
Cq`1`2

TL � Cq`1`2
TR

⌘�

C`1`2
V =

fVmV

⇤2
y

p
4⇡↵Qq

�
C`1`2

DL + C`1`2
DR

�
+ 2V

fT
V

fV
GFmVmq

⇣
Cq`1`2

TL + Cq`1`2
TR

⌘�

D`1`2
V = i

fVmV

⇤2
y


�
p
4⇡↵Qq

�
C`1`2

DL � C`1`2
DR

�
� 2V

fT
V

fV
GFmVmq

⇣
Cq`1`2

TL � Cq`1`2
TR

⌘�

1

Derek E. Hazard 9 

Branching ratio 
A(V ! `1`2) = u(p1, s1)


A`1`2

V �µ +B`1`2
V �µ�5 +

C`1`2
V

mV
(p2 � p1)µ

iD`1`2
V

mV
(p2 � p1)µ�5

�
v(p2, s2) ✏

µ(p)

B(V ! `1`2)

B(V ! e+e�)
=

✓
mV (1� y2)

4⇡↵fVQq

◆2 h ⇣��A`1`2
V

��2 +
��B`1`2

V

��2
⌘
+

1

2

�
1� 2y2

� ⇣��C`1`2
V

��2 +
��D`1`2

V

��2
⌘

+y Re
�
A`1`2

V C`1`2⇤
V + iB`1`2

V D`1`2⇤
V

� i

A`1`2
V =

fVmV

⇤2

 p
4⇡↵Qqy

2
�
C`1`2

DL + C`1`2
DR

�
+ V

⇣
Cq`1`2

V L + Cq`1`2
V R

⌘
+ 2y2V

fT
V

fV
GFmVmq

⇣
Cq`1`2

TL + Cq`1`2
TR

⌘�

B`1`2
V =

fVmV

⇤2


�
p
4⇡↵Qqy

2
�
C`1`2

DL � C`1`2
DR

�
� V

⇣
Cq`1`2

V L � Cq`1`2
V R

⌘
� 2y2V

fT
V

fV
GFmVmq

⇣
Cq`1`2

TL � Cq`1`2
TR

⌘�

C`1`2
V =

fVmV

⇤2
y

p
4⇡↵Qq

�
C`1`2

DL + C`1`2
DR

�
+ 2V

fT
V

fV
GFmVmq

⇣
Cq`1`2

TL + Cq`1`2
TR

⌘�

D`1`2
V = i

fVmV

⇤2
y


�
p
4⇡↵Qq

�
C`1`2

DL � C`1`2
DR

�
� 2V

fT
V

fV
GFmVmq

⇣
Cq`1`2

TL � Cq`1`2
TR

⌘�

1

Dimensionless Constants 

fV cancels out … 



except for the ratio of fVT/fV 

Two-body vector quarkonium decays 
A(V ! `1`2) = u(p1, s1)


A`1`2

V �µ +B`1`2
V �µ�5 +

C`1`2
V

mV
(p2 � p1)µ

iD`1`2
V

mV
(p2 � p1)µ�5

�
v(p2, s2) ✏

µ(p)

B(V ! `1`2)

B(V ! e+e�)
=

✓
mV (1� y2)

4⇡↵fVQq

◆2 h ⇣��A`1`2
V

��2 +
��B`1`2

V

��2
⌘
+

1

2

�
1� 2y2

� ⇣��C`1`2
V

��2 +
��D`1`2

V

��2
⌘

+y Re
�
A`1`2

V C`1`2⇤
V + iB`1`2

V D`1`2⇤
V

� i

A`1`2
V =

fVmV

⇤2

 p
4⇡↵Qqy

2
�
C`1`2

DL + C`1`2
DR

�
+ V

⇣
Cq`1`2

V L + Cq`1`2
V R

⌘
+ 2y2V

fT
V

fV
GFmVmq

⇣
Cq`1`2

TL + Cq`1`2
TR

⌘�

B`1`2
V =

fVmV

⇤2


�
p
4⇡↵Qqy

2
�
C`1`2

DL � C`1`2
DR

�
� V

⇣
Cq`1`2

V L � Cq`1`2
V R

⌘
� 2y2V

fT
V

fV
GFmVmq

⇣
Cq`1`2

TL � Cq`1`2
TR

⌘�

C`1`2
V =

fVmV

⇤2
y

p
4⇡↵Qq

�
C`1`2

DL + C`1`2
DR

�
+ 2V

fT
V

fV
GFmVmq

⇣
Cq`1`2

TL + Cq`1`2
TR

⌘�

D`1`2
V = i

fVmV

⇤2
y


�
p
4⇡↵Qq

�
C`1`2

DL � C`1`2
DR

�
� 2V

fT
V

fV
GFmVmq

⇣
Cq`1`2

TL � Cq`1`2
TR

⌘�

1

Derek E. Hazard 9 

Branching ratio 
A(V ! `1`2) = u(p1, s1)


A`1`2

V �µ +B`1`2
V �µ�5 +

C`1`2
V

mV
(p2 � p1)µ

iD`1`2
V

mV
(p2 � p1)µ�5

�
v(p2, s2) ✏

µ(p)

B(V ! `1`2)

B(V ! e+e�)
=

✓
mV (1� y2)

4⇡↵fVQq

◆2 h ⇣��A`1`2
V

��2 +
��B`1`2

V

��2
⌘
+

1

2

�
1� 2y2

� ⇣��C`1`2
V

��2 +
��D`1`2

V

��2
⌘

+y Re
�
A`1`2

V C`1`2⇤
V + iB`1`2

V D`1`2⇤
V

� i

A`1`2
V =

fVmV

⇤2

 p
4⇡↵Qqy

2
�
C`1`2

DL + C`1`2
DR

�
+ V

⇣
Cq`1`2

V L + Cq`1`2
V R

⌘
+ 2y2V

fT
V

fV
GFmVmq

⇣
Cq`1`2

TL + Cq`1`2
TR

⌘�

B`1`2
V =

fVmV

⇤2


�
p
4⇡↵Qqy

2
�
C`1`2

DL � C`1`2
DR

�
� V

⇣
Cq`1`2

V L � Cq`1`2
V R

⌘
� 2y2V

fT
V

fV
GFmVmq

⇣
Cq`1`2

TL � Cq`1`2
TR

⌘�

C`1`2
V =

fVmV

⇤2
y

p
4⇡↵Qq

�
C`1`2

DL + C`1`2
DR

�
+ 2V

fT
V

fV
GFmVmq

⇣
Cq`1`2

TL + Cq`1`2
TR

⌘�

D`1`2
V = i

fVmV

⇤2
y


�
p
4⇡↵Qq

�
C`1`2

DL � C`1`2
DR

�
� 2V

fT
V

fV
GFmVmq

⇣
Cq`1`2

TL � Cq`1`2
TR

⌘�

1

Dimensionless Constants 

fV cancels out … 



TABLE I: Available experimental upper bounds on B(V ! `1`2) and B(`2 ! `1�). Dashes

signify that no experimental constraints are available and “n/a” means that the transition

is forbidden by available phase space. Charge averages of the final states are always

assumed.

`1`2 µ⌧ e⌧ eµ

B(⌥(1S) ! `1`2) 6.0⇥ 10

�6 � �

B(⌥(2S) ! `1`2) 3.3⇥ 10

�6
3.2⇥ 10

�6 �

B(⌥(3S) ! `1`2) 3.1⇥ 10

�6
4.2⇥ 10

�6 �

B(J/ ! `1`2) 2.0⇥ 10

�6
8.3⇥ 10

�6
1.6⇥ 10

�7

B(�! `1`2) n/a n/a 4.1⇥ 10

�6

B(`2 ! `1�) 4.4⇥ 10

�8
3.3⇥ 10

�8
5.7⇥ 10

�13

TABLE II: Vector meson decay constants used in the calculation of branching ratios

B(V ! `1`2). The transverse decay constants are set fT
V = fV except for J/ , which has

fT
J/ = 410± 10.

State ⌥(1S) ⌥(2S) ⌥(3S) J/  (2S) � ⇢ (!)

fV , MeV 649± 31 481± 39 539± 84 418± 9 294± 5 241± 18 209.4± 1.5

h0|q�µq|V (p)i = fVmV ✏
µ
(p) ,

h0|q�µ⌫q|V (p)i = ifT
V (✏µp⌫ � pµ✏⌫)

1

Derek E. Hazard 10 

Two-body vector quarkonium decays 

Decay constants used to constrain Wilson coefficients 
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Two-body vector quarkonium decays 

Decay constants used to constrain Wilson coefficients 

•  Tensor decay constants are not well know 
•  Except fJ/ψT = 410 ± 10 MeV * 

*D. Becirevic, et al. Nucl. Phys. B. 883, 306 (2014). 



TABLE I: Available experimental upper bounds on B(V ! `1`2) and B(`2 ! `1�). Dashes

signify that no experimental constraints are available and “n/a” means that the transition

is forbidden by available phase space. Charge averages of the final states are always

assumed.

`1`2 µ⌧ e⌧ eµ

B(⌥(1S) ! `1`2) 6.0⇥ 10

�6 � �

B(⌥(2S) ! `1`2) 3.3⇥ 10

�6
3.2⇥ 10

�6 �

B(⌥(3S) ! `1`2) 3.1⇥ 10

�6
4.2⇥ 10

�6 �

B(J/ ! `1`2) 2.0⇥ 10

�6
8.3⇥ 10

�6
1.6⇥ 10

�7

B(�! `1`2) n/a n/a 4.1⇥ 10

�6

B(`2 ! `1�) 4.4⇥ 10

�8
3.3⇥ 10

�8
5.7⇥ 10

�13

TABLE II: Vector meson decay constants used in the calculation of branching ratios

B(V ! `1`2). The transverse decay constants are set fT
V = fV except for J/ , which has

fT
J/ = 410± 10.

State ⌥(1S) ⌥(2S) ⌥(3S) J/  (2S) � ⇢ (!)

fV , MeV 649± 31 481± 39 539± 84 418± 9 294± 5 241± 18 209.4± 1.5

h0|q�µq|V (p)i = fVmV ✏
µ
(p) ,

h0|q�µ⌫q|V (p)i = ifT
V (✏µp⌫ � pµ✏⌫)

1

Derek E. Hazard 10 

Two-body vector quarkonium decays 

Decay constants used to constrain Wilson coefficients 

•  Tensor decay constants are not well know 
•  Except fJ/ψT = 410 ± 10 MeV * 
•  Assume fVT = fV 

*D. Becirevic, et al. Nucl. Phys. B. 883, 306 (2014). 
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Two-body vector quarkonium decays 
Experimental upper limits of BR for 2-body vector decays and 
radiative lepton decays from the PDG. 

B(μ to eγ)νSM ~ 10-54
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Two-body vector quarkonium decays 
Experimental upper limits of BR for 2-body vector decays and 
radiative lepton decays from the PDG. 

Dashes = no data  
B(μ to eγ)νSM ~ 10-54

 



TABLE I: Available experimental upper bounds on B(V ! `1`2) and B(`2 ! `1�). Dashes

signify that no experimental constraints are available and “n/a” means that the transition

is forbidden by available phase space. Charge averages of the final states are always

assumed.

`1`2 µ⌧ e⌧ eµ

B(⌥(1S) ! `1`2) 6.0⇥ 10

�6 � �

B(⌥(2S) ! `1`2) 3.3⇥ 10

�6
3.2⇥ 10

�6 �

B(⌥(3S) ! `1`2) 3.1⇥ 10

�6
4.2⇥ 10

�6 �

B(J/ ! `1`2) 2.0⇥ 10

�6
8.3⇥ 10

�6
1.6⇥ 10

�7

B(�! `1`2) n/a n/a 4.1⇥ 10

�6

B(`2 ! `1�) 4.4⇥ 10

�8
3.3⇥ 10

�8
5.7⇥ 10

�13

TABLE II: Vector meson decay constants used in the calculation of branching ratios

B(V ! `1`2). The transverse decay constants are set fT
V = fV except for J/ , which has

fT
J/ = 410± 10.

State ⌥(1S) ⌥(2S) ⌥(3S) J/  (2S) � ⇢ (!)

fV , MeV 649± 31 481± 39 539± 84 418± 9 294± 5 241± 18 209.4± 1.5

h0|q�µq|V (p)i = fVmV ✏
µ
(p) ,

h0|q�µ⌫q|V (p)i = ifT
V (✏µp⌫ � pµ✏⌫)

1
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Two-body vector quarkonium decays 
Experimental upper limits of BR for 2-body vector decays and 
radiative lepton decays from the PDG. 

Dashes = no data  
n/a = forbidden by phase space  

B(μ to eγ)νSM ~ 10-54
 



TABLE III: Constraints on the Wilson coe�cients of four-fermion operators. Dashes

signify that no experimental data are available to produce a constraint; “n/a” means that

the transition is forbidden by phase space. Note that no experimental data is available for

higher excitations of  .

Leptons Initial state (quark)

Wilson coe�cient (GeV �2
) `1`2 ⌥(1S) (b) ⌥(2S) (b) ⌥(3S) (b) J/ (c) � (s)

µ⌧ 5.6⇥ 10

�6
4.1⇥ 10

�6
3.5⇥ 10

�6
5.5⇥ 10

�5
n/a

���Cq`1`2
V L /⇤2

��� e⌧ � 4.1⇥ 10

�6
4.1⇥ 10

�6
1.1⇥ 10

�4
n/a

eµ � � � 1.0⇥ 10

�5
2⇥ 10

�3

µ⌧ 5.6⇥ 10

�6
4.1⇥ 10

�6
3.5⇥ 10

�6
5.5⇥ 10

�5
n/a

���Cq`1`2
V R /⇤2

��� e⌧ � 4.1⇥ 10

�6
4.1⇥ 10

�6
1.1⇥ 10

�4
n/a

eµ � � � 1.0⇥ 10

�5
2⇥ 10

�3

µ⌧ 4.4⇥ 10

�2
3.2⇥ 10

�2
2.8⇥ 10

�2
1.2 n/a

���Cq`1`2
TL /⇤2

��� e⌧ � 3.3⇥ 10

�2
3.2⇥ 10

�2
2.4 n/a

eµ � � � 4.8 1⇥ 10

4

µ⌧ 4.4⇥ 10

�2
3.2⇥ 10

�2
2.8⇥ 10

�2
1.2 n/a

���Cq`1`2
TR /⇤2

��� e⌧ � 3.3⇥ 10

�2
3.2⇥ 10

�2
2.4 n/a

eµ � � � 4.8 1⇥ 10

4
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Two-body vector quarkonium decays 
Constraints on Wilson coefficients of 4-fermion operators. 



TABLE III: Constraints on the Wilson coe�cients of four-fermion operators. Dashes

signify that no experimental data are available to produce a constraint; “n/a” means that

the transition is forbidden by phase space. Note that no experimental data is available for

higher excitations of  .

Leptons Initial state (quark)

Wilson coe�cient (GeV �2
) `1`2 ⌥(1S) (b) ⌥(2S) (b) ⌥(3S) (b) J/ (c) � (s)

µ⌧ 5.6⇥ 10

�6
4.1⇥ 10

�6
3.5⇥ 10
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�5
n/a
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V L /⇤2
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n/a
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V R /⇤2
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�2
3.2⇥ 10

�2
2.8⇥ 10

�2
1.2 n/a

���Cq`1`2
TL /⇤2
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4
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�2
2.4 n/a

eµ � � � 4.8 1⇥ 10

4
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Two-body vector quarkonium decays 
Constraints on Wilson coefficients of 4-fermion operators. 



TABLE III: Constraints on the Wilson coe�cients of four-fermion operators. Dashes

signify that no experimental data are available to produce a constraint; “n/a” means that

the transition is forbidden by phase space. Note that no experimental data is available for

higher excitations of  .

Leptons Initial state (quark)

Wilson coe�cient (GeV �2
) `1`2 ⌥(1S) (b) ⌥(2S) (b) ⌥(3S) (b) J/ (c) � (s)
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4.1⇥ 10
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�5
n/a
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�6
1.1⇥ 10
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n/a
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��� e⌧ � 4.1⇥ 10
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n/a
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�5
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�2
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�2
2.8⇥ 10

�2
1.2 n/a

���Cq`1`2
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��� e⌧ � 3.3⇥ 10

�2
3.2⇥ 10

�2
2.4 n/a

eµ � � � 4.8 1⇥ 10

4

µ⌧ 4.4⇥ 10

�2
3.2⇥ 10

�2
2.8⇥ 10

�2
1.2 n/a

���Cq`1`2
TR /⇤2
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�2
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�2
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4
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Two-body vector quarkonium decays 
Constraints on Wilson coefficients of 4-fermion operators. 

•  Not a breakdown of the EFT! 
•  Existing data doesn’t allow for strong constraints 



TABLE IV: Constraints on the dipole Wilson coe�cients from the 1

��
quarkonium decays

and radiative lepton transitions `2 ! `1�. Dashes signify that no experimental data are

available to produce a constraint; “n/a” means that the transition is forbidden by phase

space.

Dipole Wilson Leptons Initial state

coe�cient (GeV �2
) `1`2 ⌥(1S) (b) ⌥(2S) (b) ⌥(3S) (b) J/ (c) �(s) `2 ! `1�

µ⌧ 2.0⇥ 10

�4
1.6⇥ 10

�4
1.4⇥ 10

�4
2.5⇥ 10

�4
n/a 2.6⇥ 10

�10

���C`1`2
DL /⇤2

��� e⌧ � 1.6⇥ 10

�4
1.6⇥ 10

�4
5.3⇥ 10

�4
n/a 2.7⇥ 10

�10

eµ � � � 1.1⇥ 10

�3
0.2 3.1⇥ 10

�7

µ⌧ 2.0⇥ 10

�4
1.6⇥ 10

�4
1.4⇥ 10

�4
2.5⇥ 10

�4
n/a 2.6⇥ 10

�10

���Cq`1`2
DR /⇤2

��� e⌧ � 1.6⇥ 10

�4
1.6⇥ 10

�4
5.3⇥ 10

�4
n/a 2.7⇥ 10

�10

eµ � � � 1.1⇥ 10

�3
0.2 3.1⇥ 10

�7
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Two-body vector quarkonium decays 
Constraints on Wilson coefficients of dipole operators. 



TABLE IV: Constraints on the dipole Wilson coe�cients from the 1

��
quarkonium decays

and radiative lepton transitions `2 ! `1�. Dashes signify that no experimental data are

available to produce a constraint; “n/a” means that the transition is forbidden by phase

space.

Dipole Wilson Leptons Initial state

coe�cient (GeV �2
) `1`2 ⌥(1S) (b) ⌥(2S) (b) ⌥(3S) (b) J/ (c) �(s) `2 ! `1�

µ⌧ 2.0⇥ 10
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1.6⇥ 10
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�4
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DL /⇤2
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5.3⇥ 10

�4
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0.2 3.1⇥ 10
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1.6⇥ 10

�4
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�4
2.5⇥ 10

�4
n/a 2.6⇥ 10

�10

���Cq`1`2
DR /⇤2

��� e⌧ � 1.6⇥ 10
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n/a 2.7⇥ 10
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eµ � � � 1.1⇥ 10
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0.2 3.1⇥ 10

�7
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Two-body vector quarkonium decays 
Constraints on Wilson coefficients of dipole operators. 

•  Radiative lepton decays give much stronger constraints 
•  Vector decay constraints are complimentary 



2-body pseudoscalar meson decays 
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Decay constant 
 

Anomalous matrix element 

A(P ! `1`2) = u(p1, s1)
⇥
E`1`2

P + iF `1`2
P �5

⇤
v(p2, s2)

B(P ! `1`2) =
mP

8⇡�P

�
1� y2

�2 h��E`1`2
P

��2 +
��F `1`2

P

��2
i

E`1`2
P = y

mP

4⇤2

h
�ifP

h
2
⇣
Cq`1`2

AL + Cq`1`2
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⌘
�m2

PGF
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⌘i
+ 9GFaP
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h
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h
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⌘
�m2

PGF
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PL � Cq`1`2
PR

⌘i
+ 9iGFaP

⇣
C`1`2

eGL
� C`1`2

eGR

⌘i

h0|q�µ�5q|P (p)i = �ifPp
µ

h0|↵s

4⇡
Gaµ⌫ eGa

µ⌫ |P (p)i = aP

1



2-body pseudoscalar meson decays 
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Decay constant 
 

Anomalous matrix element 

P = any meson with quantum numbers 0-+ i.e. ηb(c), η(‘), π0, B, D, K 

A(P ! `1`2) = u(p1, s1)
⇥
E`1`2

P + iF `1`2
P �5

⇤
v(p2, s2)

B(P ! `1`2) =
mP

8⇡�P
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1� y2
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1



2-body pseudoscalar meson decays 
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Decay constant 
 

Anomalous matrix element 

Amplitude 

P = any meson with quantum numbers 0-+ i.e. ηb(c), η(‘), π0, B, D, K 
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2-body pseudoscalar meson decays 
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Branching ratio 
A(P ! `1`2) = u(p1, s1)

⇥
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2-body pseudoscalar meson decays 
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Branching ratio 

Dimensionless Constants 
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2-body pseudoscalar meson decays 
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Branching ratio 

Dimensionless Constants 

mP = pseudoscalar meson mass 
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ΓP = total decay rate 
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Axial operator dependence 
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Axial operator dependence 
Pseudoscalar operator dependence 
Gluonic operator dependence 



2-body pseudoscalar meson decays 

TABLE IV: Constraints on the dipole Wilson coe�cients from the 1�� quarkonium decays

and radiative lepton transitions `2 ! `1�. Dashes signify that no experimental data are

available to produce a constraint; “n/a” means that the transition is forbidden by phase

space.

Dipole Wilson Leptons Initial state

coe�cient (GeV �2
) `1`2 ⌥(1S) (b) ⌥(2S) (b) ⌥(3S) (b) J/ (c) �(s) `2 ! `1�

µ⌧ 2.0⇥ 10

�4
1.6⇥ 10

�4
1.4⇥ 10

�4
2.5⇥ 10

�4
n/a 2.6⇥ 10

�10

���C`1`2
DL /⇤2

��� e⌧ � 1.6⇥ 10

�4
1.6⇥ 10

�4
5.3⇥ 10

�4
n/a 2.7⇥ 10

�10

eµ � � � 1.1⇥ 10

�3
0.2 3.1⇥ 10

�7

µ⌧ 2.0⇥ 10

�4
1.6⇥ 10

�4
1.4⇥ 10

�4
2.5⇥ 10

�4
n/a 2.6⇥ 10

�10

���Cq`1`2
DR /⇤2

��� e⌧ � 1.6⇥ 10

�4
1.6⇥ 10

�4
5.3⇥ 10

�4
n/a 2.7⇥ 10

�10

eµ � � � 1.1⇥ 10

�3
0.2 3.1⇥ 10

�7

TABLE V: Available experimental limits on B(P ! `1`2). Note that no constraints for the

heavy quark pseudoscalar states such as ⌘b(c) are available. Only phase space allowed

transitions are shown.

`1`2 eµ

B(⌘ ! `1`2) 6⇥ 10

�6

B(⌘0 ! `1`2) 4.7⇥ 10

�4

B(⇡0 ! `1`2) 3.6⇥ 10

�10

TABLE VI: Pseudoscalar meson decay constants used in the calculation of branching ratios

B(P ! `1`2).

State ⌘b ⌘c ⌘, u(d) ⌘, s ⌘0, u(d) ⌘0, s ⇡

fq
P , MeV 667± 6 387± 7 108± 3 �111± 6 89± 3 136± 6 130.41± 0.20

3

Derek E. Hazard 16 

Decay constants used to constrain Wilson coefficients 

State B0
d B0

s D0 K0
L

fP , MeV 186± 4 224± 4 207.4± 3.8 155.0± 1.9

1
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Decay constants used to constrain Wilson coefficients 

State B0
d B0

s D0 K0
L

fP , MeV 186± 4 224± 4 207.4± 3.8 155.0± 1.9

1

•  aη = -0.022 ± 0.002 GeV3 

•  aη' = -0.057 ± 0.002 GeV3
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Experimental upper limits of BR for 2-body pseudoscalar decays 
from the PDG. 

`1`2 µ⌧ e⌧ eµ

B(⌘ ! `1`2) n/a n/a 6⇥ 10�6

B(⌘0 ! `1`2) n/a n/a 4.7⇥ 10�4

B(⇡0 ! `1`2) n/a n/a 3.6⇥ 10�10

B(B0
d ! `1`2) 2.2⇥ 10�5 2.8⇥ 10�5 2.8⇥ 10�9

B(B0
s ! `1`2) � � 1.1⇥ 10�8

B(D0 ! `1`2) n/a � 2.6⇥ 10�7

B(K0
L ! `1`2) n/a n/a 4.7⇥ 10�12

1
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TABLE VII: Constraints on the Wilson coe�cients from pseudoscalar meson decays.

Dashes signify that no experimental data is available to produce a constraint; “n/a” means

that the transition is forbidden by phase space.

Leptons Initial state

Wilson coe�cient `1`2 ⌘b ⌘c ⌘(u/d) ⌘(s) ⌘0(u/d) ⌘0(s)

µ⌧ � � n/a n/a n/a n/a
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1.9⇥ 10
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TABLE VIII: Constraints on the pseudoscalar gluonic Wilson coe�cients. Dashes signify

that no experimental data is available to produce a constraint. No data for other lepton

species is available.

Gluonic Wilson Leptons Initial state

coe�cient (GeV �2
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4

Constraints on Wilson coefficients of 4-fermion operators. 
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TABLE VII: Constraints on the Wilson coe�cients from pseudoscalar meson decays.

Dashes signify that no experimental data is available to produce a constraint; “n/a” means

that the transition is forbidden by phase space.
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TABLE VIII: Constraints on the pseudoscalar gluonic Wilson coe�cients. Dashes signify

that no experimental data is available to produce a constraint. No data for other lepton

species is available.
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4

Constraints on Wilson coefficients of 4-fermion operators. 
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TABLE VII: Constraints on the Wilson coe�cients from pseudoscalar meson decays.

Dashes signify that no experimental data is available to produce a constraint; “n/a” means

that the transition is forbidden by phase space.
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TABLE VIII: Constraints on the pseudoscalar gluonic Wilson coe�cients. Dashes signify

that no experimental data is available to produce a constraint. No data for other lepton

species is available.

Gluonic Wilson Leptons Initial state
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4

Constraints on Wilson coefficients of 4-fermion operators. 

•  Not a breakdown of the EFT! 
•  Existing data doesn’t allow for strong constraints 
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TABLE VII: Constraints on the Wilson coe�cients from pseudoscalar meson decays.

Dashes signify that no experimental data is available to produce a constraint; “n/a” means

that the transition is forbidden by phase space.
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TABLE VIII: Constraints on the pseudoscalar gluonic Wilson coe�cients. Dashes signify

that no experimental data is available to produce a constraint. No data for other lepton

species is available.

Gluonic Wilson Leptons Initial state

coe�cient (GeV �2
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4

Constraints on Wilson coefficients of gluonic operators. 
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TABLE VII: Constraints on the Wilson coe�cients from pseudoscalar meson decays.

Dashes signify that no experimental data is available to produce a constraint; “n/a” means

that the transition is forbidden by phase space.
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TABLE VIII: Constraints on the pseudoscalar gluonic Wilson coe�cients. Dashes signify

that no experimental data is available to produce a constraint. No data for other lepton

species is available.

Gluonic Wilson Leptons Initial state

coe�cient (GeV �2
) `1`2 ⌘b ⌘c ⌘ ⌘0
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4

Constraints on Wilson coefficients of gluonic operators. 
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TABLE VII: Constraints on the Wilson coe�cients from pseudoscalar meson decays.

Dashes signify that no experimental data is available to produce a constraint; “n/a” means

that the transition is forbidden by phase space.
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TABLE VIII: Constraints on the pseudoscalar gluonic Wilson coe�cients. Dashes signify

that no experimental data is available to produce a constraint. No data for other lepton

species is available.

Gluonic Wilson Leptons Initial state

coe�cient (GeV �2
) `1`2 ⌘b ⌘c ⌘ ⌘0

���C`1`2
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3

4

Constraints on Wilson coefficients of gluonic operators. 

•  Not a breakdown of the EFT! 
•  Existing data doesn’t allow for strong constraints 
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Constraints on Wilson coefficients of 4-fermion operators. 
Leptons Initial state

Wilson coe�cient `1`2 B0
d

�
d¯b
�

B0
s

�
s¯b
�

D0
(cū) K0

L

⇣
ds̄�sd̄p

2

⌘

���Cq1q2`1`2
AL /⇤2

��� µ⌧ 2.3⇥ 10

�8 � n/a n/a

e⌧ 2.6⇥ 10

�8 � � n/a

eµ 3.9⇥ 10

�9
6.3⇥ 10

�9
1.1⇥ 10

�7
5.0⇥ 10

�12

���Cq1q2`1`2
AR /⇤2

��� µ⌧ 2.3⇥ 10

�8 � n/a n/a

e⌧ 2.6⇥ 10

�8 � � n/a

eµ 3.9⇥ 10

�9
6.3⇥ 10

�9
1.1⇥ 10

�7
5.0⇥ 10

�12

���Cq1q2`1`2
PL /⇤2

��� µ⌧ 7.1⇥ 10

�5 � n/a n/a

e⌧ 8.0⇥ 10

�5 � � n/a

eµ 1.2⇥ 10

�5
1.9⇥ 10

�5
2.7⇥ 10

�3
1.7⇥ 10

�6

���Cq1q2`1`2
PR /⇤2

��� µ⌧ 7.1⇥ 10

�5 � n/a n/a

e⌧ 8.0⇥ 10

�5 � � n/a

eµ 1.2⇥ 10

�5
1.9⇥ 10

�5
2.7⇥ 10

�3
1.7⇥ 10

�6

1
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Decay constant 

 
Anomalous matrix element 
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Decay constant 

 
Anomalous matrix element 
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Decay constant 

 
Anomalous matrix element 
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Branching ratio 

A(S ! `1`2) = u(p1, s1)
⇥
E`1`2

S + iF `1`2
S �5

⇤
v(p2, s2)

B(S ! `1`2) =
mS

8⇡�S

�
1� y2

�2 h��E`1`2
S

��2 +
��F `1`2

S

��2
i

E`1`2
S = y

mSGF

4⇤2

h
2ifSmSmq

⇣
Cql1l2

SL + Cql1l2
SR

⌘
+ 9aS

⇣
Cql1l2

GL + Cql1l2
GR

⌘i

F `1`2
S = y

mSGF

4⇤2

h
2fSmSmq

⇣
Cql1l2

SL � Cql1l2
SR

⌘
� 9iaS

⇣
Cql1l2

GL � Cql1l2
GR

⌘i

h0|qq|S(p)i = �imSfS

h0|↵s

4⇡
Gaµ⌫Ga

µ⌫ |S(p)i = aS

1



2-body scalar quarkonium decays 

Derek E. Hazard 22 

Branching ratio 

Dimensionless Constants 
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Branching ratio 

Dimensionless Constants 

mS = scalar meson mass 
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•  V toγ(S to l1l2) may be used to study 
scalar 2-body decays 

•  If softγcan be tagged at B factories then: 
combined branching ratio factorizes1 and can be written as

B(V ! �`1`2) = B(V ! �M)B(M ! `1`2), (19)

where the scalar decays (M = �q0) B(�q0 ! `1`2) have been studied in Sect. IV, while

the corresponding pseudoscalar transitions (M = ⌘q) B(⌘q ! `1`2) have been studied in

Sect. III.

The resonant RLFV decays are quite useful for studies of scalar heavy meson decays, as

the corresponding branching ratios are large, of order of a few percent [4]. In charm,

B( (2S) ! ��c0(1P )) = 9.99± 0.27% ,

B( (3770) ! ��c0(1P )) = 0.73± 0.09% .

The corresponding radiative transitions in beauty sector are also rather large,

B(⌥(2S) ! ��b0(1P )) = 3.8± 0.4% ,

B(⌥(3S) ! ��b0(1P )) = 0.27± 0.04% , (20)

B(⌥(3S) ! ��b0(2P )) = 5.9± 0.6% .

A rough estimate [24] shows that with the integrated luminosity of L = 250 fb�1 the number

of produced �b states could reach tens of millions. Thus, studies of LFV transitions of �b

states could result in a solid bound on the Wilson coe�cients of the scalar operators in Le↵ .

Similar radiative transitions to the pseudoscalar states are generally smaller. However,

since the pseudoscalar 0�+ states are lighter than the 1�� ones, the radiative transition rates

could still reach a percent level in charm:

B(J/ ! �⌘c) = 1.7± 0.4% ,

B( (2S) ! �⌘c) = 0.34± 0.05% .

The corresponding branching ratios in b sector are in a sub permille level and cannot be

e↵ectively used to study LFV decays of the ⌘b states.

1 This equation implicitly assumes that the state M is narrow, which is an excellent approximation for the

scalar heavy quarkonium states considered in this paper (see Table IX). A complete Dalitz plot analysis

would be required for wider states.
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(a) (b) (c) (d)

(e) (f) (g) (h)

FIG. 1: Feynman diagrams for A(V ! �`1`2). The black circles represent the four fermion LFV vertex, the black boxes represent the dipole LFV

vertex, and the grey boxes represent the quarkonium bound state.
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3-body vector quarkonium decays 
Nonresonant transitions 
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3-body vector quarkonium decays 
Nonresonant transitions 

 Differential decay rates 

m12
2 = (P-k)2 
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3-body vector quarkonium decays 
Nonresonant transitions 

Axial 

 Total decay rates 

Scalar 

Pseudoscalar 
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Axial operator differential decay rates 

(a)                  (b) 
(a) Υ(1S) → γμτ or γeτ (solid blue), Υ(2S) → γμτ or γeτ (short-dashed gold), Υ(3S) → 
γμτ or γeτ (dotted red), Υ(1S) → γeμ (dot-dashed green), Υ(2S) → γeμ and Υ(3S) → γeμ 
(long-dashed purple); (b) J/ψ → γμτ or γeτ (solid blue), ψ(2S) → γμτ or γeτ (short-dashed 
gold), Jψ → γeμ (dotted red), ψ(2S) → γeμ (dot-dashed green)  



3-body vector quarkonium decays 
Nonresonant transitions 
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Scalar/Pseudoscalar operator differential decay rates 

(a)                  (b) 
(a) Υ(1S) → γμτ or γeτ (solid blue), Υ(2S) → γμτ or γeτ (short-dashed gold), Υ(3S) → 
γμτ or γeτ (dotted red), Υ(1S) → γeμ (dot-dashed green), Υ(2S) → γeμ and Υ(3S) → γeμ 
(long-dashed purple); (b) J/ψ → γμτ or γeτ (solid blue), ψ(2S) → γμτ or γeτ (short-dashed 
gold), Jψ → γeμ (dotted red), ψ(2S) → γeμ (dot-dashed green)  
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Summary 

•  LFV transitions provide a powerful engine for NP 
searches 

•  Any NP model with flavor violation at high scales 
can be cast in terms of the Leff at low energies. 

•  Two-body decays allow for operator selection 
and reduces single operator dominance reliance. 

•  RLFV decays can provide complimentary 
operator access. 
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4-fermion operators ~ m2GF/Λ2 Gluonic operators ~ m2GF/Λ2 


